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SUMMARY

The involvement of flavin-containing monooxygenase (FMO) in the 6-methylhydroxylation of the experimental anti-cancer drug
S,6-dimethylxanthenone-4-acetic acid (DMXAA) was investigated by use of human liver microsomes and microsomes containing
cDNA-expressed FMOs. The involvement of FMO in the formation of 6-methyl hydroxylate of DMXAA, 6-hydroxymethyl-S
methylxanthenone-4-acetic acid (6-0H-MXAA) in human liver microsomes was indicated by the fact that this biotransformation
was sensitive to heat treatment, increased at pH 8.3, and inhibited by methimazole. Only FM03 formed 6-0H-MXAA at a similar
rate to that in cDNA-expressed cytochromes P-4S0 (CYP)IA2. The results of this study indicate that human FM03 has the
capacity to form 6-0H-MXAA, but plays a lesser important role for this reaction than CYPIA2 that has been demonstrated to
catalyse 6-0H-MXAA formation.

INTRODUCTION

5-6-Dimethylxanthenone-4-acetic acid (DMXAA) (Fig.
1), an anti-tumour drug with a novel mode of action,
undergoes extensive hepatic metabolism in animals and
humans (Websteret aI., 1995; Miners et aI., 1997; Kestell
et aI., 1999; Zhou et aI., 2000), giving rise to two major
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metabolites, DMXAA acyl glucuronide (DMXAA-G),
and 6-hydroxymethyl-5-methylxanthenone-4-acetic acid
(6-0H-MXAA), whichare excreted into the bile and urine.
The latter metabolic pathway in human liver microsomes
has been reported to be catalysed by CYPIA2 (Zhou et
al., 2000). However, further investigations have shown
that 6-methylhydroxylation may also be catalyzed by
flavin-containinng monoxygenase (FMO), as indicated
by the inhibition of this reaction by methimazole (Zhou
et aI., 2000), an inhibitor of FMO.

FMOs are enzymes that catalyze NADPH-dependent
oxygenation of nucleophilicnitrogen, sulfur,or phosphorus
containing functional groups of xenobiotics (Hines et al.,

Abbreviations: CYP, cytochrome P-450; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; FMO, flavin-containing
monooxygenase; HPLC, high performance liquid chromatography; 6-0H-MXAA, 6-hydroxymethyl-5
methylxanthenone-4-acetic acid.
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o 2000). Ethical approval from the Northern New Zealand
Research Ethics Committee and written informed consent
for liver tissue to be used for research was obtained. Liver
microsomes were prepared by differential centrifugation
as described (Robson, 1987) and microsomes were stored
at -80°C until used. Microsomal protein concentration
was determined by the bicinchoninic acid method (Smith
et a\., 1985). The CYP content was determined as
described (Omura and Sato, 1964).

5,6-dimethylxanthenone4-acetic acid

Fig. 1 : The chemical structure of DMXAA.

1994). Five distinct forms of FMO have been identified
(FMO 1through FM05) that are expressed in a tissue- and
species-specific manner, with FM03 the dominant isoform
expressed in adult human liver microsomes (Cashman,
1995; Phillips et a\., 1995). Human FMOs exhibit 82 to
88% sequence identity with their orthologs from other
species, but only 51 to 57% sequence identity with each
other (Phillips et aI., 1995). FMOs often exhibit broad and
overlapping substrate specificity,but substrate specificities
exist among the differentFMO families (Hines et aI.,1994).
The objective of this innvestigation was to examine the
involvement of FMO in the metabolism of DMXAA.

Materials and Methods

Chemicals and reagents

DMXAA and the internal standard, 2,5-dimethylxan
thenone-4-acetic acid (SN24350), were synthesised in the
University of Auckland (Rewcastle et a\., 1991).DMXAA
was protected from light exposure to avoid degradation
(Rewcastle et a\., 1990). Authentic 6-0H-MXAA was
isolated from rat urine, by previously published methods,
and its structure identified by liquid chromatography mass
spectrometry (LC-MS) and nuclear magnetic resonance
spectrometry (Zhou et aI.,2000). Bicinchoninicacid (BCA)
reagent, NADPH and methimazole were purchased from
Sigma-Aldrich Chemical Co. (Auckland, NZ). cDNA
expressed human microsomes containing FMO 1,FM03,
and FM05 were purchased from BD Gentest Co.
(Woburn, MA). All othher reagents were of analytical or
HPLC grade as appropriate.

Preparation of human liver microsomes

Human liver samples were obtained under strict ethical
conditions from donors, and were stored at -80°C prior
to use. Histological examination of the resected livers
ensured the use of healthy liver tissue. Relevant details of
the donors have been described elsewhere (Zhou et a\.,

In vitro kinetic studies

The in vitro DMXAA 6-methylhydroxylation with human
liver microsomes was performed using optimized
incubation conditions (1mg/ml protein concentration and
40 min incubation time) (Zhou et a\., 2000). Typical
microsomal incubations (200 Ill) for liver microsomal
DMXAA 6-methylhydroxylation contained 1mg/mlliver
microsomal protein (0.5 mg/ml for cDNA-expressed
microsomes), 0.5 mM NADPH, 5 mM MgCl2 , and
DMXAA (5-350 11M) in 0.1 M phosphate buffer (pH 7.4),
and were performed in triplicate. The reaction was initiated
by the addition of NADPH and conducted at 37°C in a
shaking water bath. After 40 min, incubations were stopped
by cooling on ice and adding ice-cold 400 III acetonitrile:
methanol mixture (3: 1, v/v) containing 211M internal
standard (SN24350), and vortexing Vigorously. Mixtures
were centrifuged (3000 x g for 10 min) to remove the
precipitated microsomal protein. The supernatant was
removed and evaporated under nitrogen gas and the
residue reconnstituted with 200 III mobile phase. Fifty to
seventy-five III was injected into the HPLC for the
measurement of 6-0H-MXAA. Within-day assay
precision for the formation rate of 6-0H-MXAA for 5
separate incubations of the same batch of microsomes was
less than 10% at DMXAA concentrations of 30 and 300
11M.

Incubation studies examining the effect
of pH, enzyme Inhibitor, or heat on
DMXAA 6-methylhydroxylation

Incubation conditions known to be optimal for FMO
mediated activity were utilized to examine the formation
of 6-0H-MXAA by human liver microsomes. Microsomal
incubations were performed with a mixture of human
liver microsomes and 20 11M DMXAA at pH 7.4 and pH
8.3 respectively. Similar incubations with human liver
microsomes (from HL12, HL13 and HL14) were
performed at pH 7.4 in the presence or absence of
methimazole (100 and 500 11M), an alternate-substrate
competitive FMO inhibitor (Ring et a\., 1999). To
investigate the effect of heating at 55°C with or without
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NADPH present, microsomes were heated at 55°C for 1
min, cooled on ice for approximately 2 min, and incubated
with DMXAA.

HPLC and LC·MS

The method has been previously described (Zhou et aI.,
1999). Briefly, the HPLC system consisted of a solvent
delivery system, a Model SF250 fluorescence detector
(excitation and emission wavelengh, 345 nm and 409 nm,
respectively), a Model 460 autosampler, and a Moder
D450 data processing system (All from Kontron
Instrument Co, Milan, Italy). A Luna C18 guard column
and as urn Spherex analytical column (150 x 4.6 mm;
Phenomenex) were used. The mobile phase was the same
as usedfor LC/MSexcept that the flowrate was2.5 ml/min.
The difference between the theoretical and measured
concentrations, and the coefficient variation, were less
than 15% at low quality control (QC) concentration (0.5

!!M), and less than 10% at medium (2.5 !!M) and high (10
!!M) QC concentrations. Assay specificity was indicated
by the absence of interfering chromatographic peaks in
microsomal samples and in incubations with potential
inhibitor. The LC-MS system was fitted with either an
atmospheric pressure chemical ionisation or electrospray
interface (Hewlett Packard, Avondale, PA, USA).

Data analysis

Data are presented as mean ± SD. Several models to
describe the kinetics of DMXAA hydroxylation (single
and two binding site, substrate-activator and substrate
inhibitor complex formation, and the sigmoid models)
were fitted and compared using the Prism 3.0 program
(Graphpad Software Co., CA, USA).The choice of model
was confirmed by comparing and reviewing the relative
residualsand the standard error of the parameter estimates
from the non-linear regression analysis.The singlebinding
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Fig. 2: Typical Michhaelis-Menten (A and B) and Eadie-Hofstee (C and D) plots for DMXAA 6-methylhydroxylation in human liver
microsomes from HL12 (_) and eDNA-expressed FM03 (.). Each point represennts the mean ±SD of three determinations. The curves in A
and B represent the fit of one enzyme binding-site model.
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site model v == V • SICK + S)gave the best fit, where vmax m
is the rate of hydroxylation; Vmax'is the maximum velocity;
K the Michaelis-Menten constant; S, the substratem'
concentration. Correlation coefficients (r) were
determined by linear regression with p<0.05 considered
as statistically significant. The inhibitory constants
(apparent K j values) and the nature of inhibition were
initially determined by Dixon plots, where K, was given
by the inntersection point of linear regression lines for
data sets of 1/v against the concentration of inhibitor. The
fitting of inhibition models (competitive, noncompetitive
and uncompetitive) gave the final K, value.

Results

1200
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6-Methylhydroxylation of DMXAA
by eDNA-expressed FMO isoforms

Of the FMO isoenzymes investigated, only FM03
exhibited catalytic activity toward the formation of 6-0H
MXAA. A comparison of the kinetics with native human
liver microsomes is shown in Fig. 2 A & C (for Eadie
Hofstee plots, see Fig. 2B & D). A reduction in the rate
of DMXAA 6-methylhydroxylation in cDNA-expressed
FM03 was observed at DMXAA concentration ~100

!J,M. Substrate inhibition model was the best fit, with an
apparent Km of 9.7 ± 2.1 !J,M, Vmax of 0.017 ± 0.001
nmol/mm/mg, and Kis of 345 ±80 !J,M. Under the HPLC
conditions used, the major peak from the oxidation
incubations had retention time identical to that of authentic
6-0H-MXAA. Further investigation using LC-MSshowed
that the molecular ions [M+H]+of this metabolite was m/z
299, which is consistent with the molecular weights of
protonated 6-0H-MXAA. No activity was detected in
microsomes containing FM01, FM05, or control
microsomes containing the selectable plasmid vector
without a cDNA insert.

Effect of pH, enz yme inhibitor, or heat
on DMXAA 6-methylhydroxylation

The formation of6-0H-MXAA was enhanced by25% at
pH 8.3 as compared with pH 7.4 in human liver
microsomes. A decrease in 6-0H-MXAA formation to
57% of the control caused by preincubation at 55°C for 1
min in the absence of NADPH, suggests a heat-mediated
inactivation of the FMO that was protected in the presence
ofNADPH, 6-0H-MXAA formation was inhibited in the
presence of methimazole, with a K, value of 61 !J,M (for
Dixon plot, see Fig. 3).

Fig. 3 : Dixon plot for the inhibition of 6-methylhydroxylation in
human liver microsomes by methimazole.

Discussion

This study indicates a role of FMO in the formation of 6
OH-MXAA inn human livermicrosomes. This conclusion
was reached through the examination of the formation of
6-0H-MXAA under a variety of incubation conditions.
cDNA-expressed FM03 formed this metabolite at a
similar rate to that observed for expressed CYPIA2. As
additional evidence of the role of FMO in this
biotransformation byy liver microsomes, formation of 6
OH-MXAA exhibited characteristics of FMO-mediated
reactions including sensitivity to heating treatment and
enhanced activity at basic pH, and inhibition of the
formation of 6-0H-MXAA by methimazole.

As in eDNA-expressed CYPIA2, the DMXAA 6
methylhydroxylation in cDNA-expressed FM03 exhibited
atypoical Michaelis-Menten kinetics with 2-3 fold lower
apparent Km and Vmax values compared to those observed
in native human liver microsomes, which may be due to
differences in the phospholipid environment and lipid to
protein ratio. Possible explanation for the reduction in 6
methylhydroxylation rate at DMXAA concentrations ~
100!J,M in cDNA-expressed FM03 include substrate
inhibition,as indicatedby the best fit of kineticsbt substrate
inhibition model.

The involvement of both FMOs and CYPs is observed
in the metabolism of a number of xenobiotics. However,
the lack of inhibitor(s) selective for FMOs remains a major
impediment to definitive investigations on the relative
contributions of these enzymes in the metabolism of
xenobiotics. The involvement of specific CYP isozymes
in particular metabolic pathways is probed by using a wide
array of in vitro techniques including selective chemical
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inhibitors and specific antibodies. Comparable approaches
for evaluating the role of FMOs include the determination
of kinetics using the purified enzyme to complement well
established characteristics of FMO-mediated reactions in
microsomal preparations, including enzyme inhibition by
methimazole, heat inactivation, and protection against
heat inactivation by NADPH. The use of these techniques
in the present study gave indication that FMO may play
a minor role as methimazole (sao lJ,M) inhibited only 35%
of this reaction.
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